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Abstract 
Dielectric measurements on 0.65[Pb(Ni1/3Nb2/3)O3]-0.35PbTiO3 ceramic in the 
temperature range 90K to 470K shows a relaxor ferroelectric transition around 350K 
with a Vogel-Fulcher freezing temperature of 338K and appearance of a non-ergodic 
relaxor ferroelectric phase of tetragonal structure at room temperature. This non-
ergodic phase reenters into the relaxor state at low temperatures as evidenced by the 
appearance of a frequency dependent anomaly in the imaginary part of the dielectric 
constant around 160K, similar to those reported in other relaxor ferroelectric based 
morphotropic phase boundary ceramics. The polarization relaxation time for the 160K 
anomaly also follows Vogel-Fulcher type temperature dependence. Temperature 
dependent magnetization measurements show that this low temperature anomaly is 
not linked with any magnetic transition. Elastic modulus and low temperature x-ray 
diffraction (XRD) measurements reveal a tetragonal to monoclinic phase transition 
around 225K. It is argued that the low temperature dielectric dispersion around 160K 
results from the freezing of mesoscopic conformally miniaturized  monoclinic 
domains formed inside the parent tetragonal domains below the structural phase 
transition temperature of 225K.  
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1. Introduction: 
Currently there is enormous interest in multiferroic materials, especially the 
magnetoelectrics, because of their potential applications in advanced sensor and 
actuator technology [1]. Pb(Ni1/3Nb2/3)O3 (PNN) is a multiferroic  showing a relaxor 
ferroelectric transition around 153K [2] and  an antiferromagnetic transition at very 
low temperatures (~5K) [3]. The  phase diagram of the solid solution of PNN with 
PbTiO3, i.e. (1-x)[Pb(Ni1/3Nb2/3)O3] -xPbTiO3 (PNN-xPT), exhibits a morphotropic 
phase boundary (MPB) similar to the well known piezoelectric ceramics, like          
(1-x)[Pb(Mg1/3Nb2/3)O3]-xPbTiO3 (PMN-xPT) [4],(1-x)[Pb(Zn1/3Nb2/3)O3]-xPbTiO3 
(PZN-xPT) [5] and Pb(ZrxT1-x)O3 (PZT) [6]. Recently, low temperature studies on 
single crystals of PZN-x PT [7, 8] and PMN-xPT [9, 10] have revealed an unexpected 
frequency dependent dielectric anomaly at cryogenic temperatures well below the 
main relaxor ferroelectric transition temperature. As yet, there is no satisfactory 
explanation for the physical origin of this dielectric anomaly, although two different 
models have been proposed. One of the models is based on the thermal agitation of 
local polarization fluctuations induced by chemical heterogeneities [7, 11] while the 
other assumes the presence of fractal clusters inside the normal ferroelectric domains 
as the main cause of the dielectric anomaly at low temperatures [9, 12]. It has been 
proposed by Bao et al [8] and Lente et al [10] that this low temperature dielectric 
anomaly is not linked with a structural phase transition. However, no structural 
studies have been reported by these workers in corroboration of their proposition. We 
present here the results of a combined dielectric, magnetic, elastic modulus, x-ray 
diffraction (XRD) and polarization  study on a multiferroic MPB ceramic, PNN-xPT 
with x = 0.35, to demonstrate not only the universality of the phenomenon of the low 
temperature dielectric relaxation in all such relaxor based MPB ceramics including 
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PNN-xPT, but also point towards an indirect role of the low temperature structural 
phase transition in this phenomenon, overlooked so far in  the previous studies. 
2. Experimental: 
Analytic reagent (AR) grade chemicals NiCO3.2Ni(OH)2.4H2O, Nb2O5, PbCO3,  and  
TiO2 with minimum assay of  99% or more were used to synthesize PNN-xPT.  
Stoichiometric mixtures of various ingredients were ball milled (Restch GmbH & 
Rheinische, Germany) using zirconia jars and zirconia balls with AR grade acetone as 
the mixing media. A columbite precursor NiNb2O6 was first prepared by calcining the 
mixture of stoichiometric amounts of NiCO3.2Ni(OH)2.4H2O and Nb2O5 at 1050°C 
for 6 hours. Stoichiometric amount of TiO2 was then mixed with NiNb2O6 and the 
mixture was calcined at 1050°C for another 6 hours to obtain [(1-x)/3]NiNb2O6-xTiO2 
(NNT) precursor. This NNT precursor was finally mixed with stoichiometric amount 
of PbCO3 and calcined at 800°C for 6 hours. Cold compaction of the calcined powder 
was done using steel die of 12-mm diameter and an uniaxial hydraulic press at an 
optimized load of 65 kN. 2% polyvinyl alcohol (PVA) solution in water was used as a 
binder. The green pellets were kept at 500°C for 10 hours to burn off the binder 
material and then sintered at 1150°C for 6 hours in a sealed alumina crucible with 
controlled PbO atmosphere. The density of the sintered pellets was higher than 98% 
of the theoretical value. Fired-on silver paste was used for electroding the sintered 
pellets. The dielectric measurements were carried out using a Novocontrol Alpha-A 
High Performance Frequency Analyser. The sample temperature was varied using 
programmable temperature controller at a cooling and heating rate of 1K/min. The 
dielectric measurements above (300-470K) and below (300-90K) room temperature 
were carried out in two different set-ups. For piezoelectric resonance and 
antiresonance frequency measurements, the electroded pellets were poled at a dc field 
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of 35kV/cm at 323K. Piezoelectric resonance and antiresonance frequencies (fr and fa) 
were measured using a Schlumberger Impedance/Gain-Phase Analyzer SI 1260. For 
x-ray characterization, the sintered pellets were crushed into fine powders and then 
annealed at 500°C for 10 hours to remove the strains introduced during crushing.  
XRD measurements were carried out using an 18kW rotating anode (Cu) based 
Rigaku powder diffractometer (operating in the Bragg-Brentano geometry) fitted with 
an ultra low temperature attachment and graphite monochromator in the diffracted 
beam. Hysteresis loop measurements were performed using a modified Sawyer-Tower 
circuit and an Agilent 54624A storage oscilloscope. The dc magnetization 
measurements were carried out using a 12 Tesla commercial (Oxford Instruments) 
vibrating sample magnetometer (VSM) as a function of temperature and magnetic 
field. Temperature dependence of magnetization was carried out in the warming cycle 
over 5-315K under 100 Oe external field after first cooling the sample from 315K to 
5K in the same field.  
3. Results and Discussion  
 
3.1 Relaxor Ferroelectric and Magnetic Transitions: 
 
The composition PNN-0.35PT has a tetragonal structure at room temperature 
and is close to the MPB which occurs at x ≈ 0.36 [13, 14]. Fig.1 depicts the variation 
of the real [ε/(T)] and imaginary [ε//(T)] parts of the dielectric constant as a function of 
temperature at various frequencies in the range 100Hz to 10 kHz for this composition. 
It can be seen from this figure that a diffuse dielectric peak in the real part of the 
dielectric constant [ε/(T)] appears around 350K. The imaginary part of the dielectric 
constant [ε//(T)], on the other hand, shows two peaks, first  around 342K and another 
around 160K [see Fig 1 (a) and Fig. 1(b)]. No anomaly in ε/(T) corresponding to the 
low temperature peak in ε// (T) is apparent in Fig. 1(b) .The temperatures /m1Τ  and 
//
m1Τ , 
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corresponding to the high temperature peaks in ε/ (T) and ε// (T), respectively, shift to 
higher temperature side on increasing the measuring frequency. This is shown more 
clearly in the inset (i) of Fig. 1(a) for ε/ (T). It is also evident that the peak temperature 
//
m1Τ  does not coincide with
/
m1Τ ; instead 
//
m1Τ <
/
m1Τ . All these features suggest relaxor 
ferroelectric nature of the dielectric peak occurring around 350K [15, 16]. The second 
broad peak in ε// (T) below /m1Τ  and 
//
m1Τ , in the temperature range  160K to 170K, also 
shows frequency dependent shifts. This frequency dependent shift of //m2Τ  at cryogenic 
temperatures is similar to that reported in PZN-xPT [7, 8] and PMN-xPT [9, 10] 
systems. The main Curie peak shows a thermal hysteresis of ~ 8K at 10kHz during 
heating and cooling cycles of measurements [see inset (ii) of Fig. 1(a)]. The //m2Τ , on 
the other hand, remains nearly the same during heating and cooling cycles [see inset 
to Fig. 1(b)]. 
 The temperature dependence of relaxation time (τ), as obtained from the ε// 
(T) data, was modeled using Arrhenius and Vogel-Fulcher type relations: 
τ = τo exp(Ea/KT)             (Arrhenius)                                                (1)                               
τ = τo exp[Ea/K(T-TVF)]   (Vogel-Fulcher)                                         (2) 
Here, τ is the relaxation time, τo is the pre-exponential factor, Ea is the activation 
energy and TVF is the Vogel- Fulcher freezing temperature. Arrhenius type behaviour 
can be ruled out for PNN-0.35PT since the fit between lnτ vs 1/T is not linear for both 
the high temperature and the low temperature dielectric anomalies, as can be seen 
from the insets to Fig. 2(a) and (b). The Vogel-Fulcher law, on the other hand, gives 
very satisfactory fit as shown in Fig. 2(a) and 2(b) for the high and low temperature 
peaks in ε// (T), respectively. The least square fitted parameters are: Ea = 2.292× 10-3 
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eV and 3.15×10-2 eV, TVF ≈ 338K and 136K and τo =3.078×10-7 sec and 4.547×10-10 
sec, respectively, for the high and low temperature peaks.  
The TVF is usually regarded as the temperature at which an ergodic relaxor 
ferroelectric phase transforms into a non-ergodic relaxor state due to the divergence of 
the longest relaxation time associated with the polarization fluctuations [17]. In the 
ergodic relaxor ferroelectric state of  a related MPB system, PMN-xPT, the powder 
diffraction profiles exhibit a pseudocubic structure whereas in the non-ergodic relaxor 
state, splitting of x-ray powder diffraction lines have been   reported [18, 19] for x ≥ 
0.10. In the pure unalloyed PMN, one usually does not observe [20] such splittings 
even in the non-ergodic phase. Since the TVF1 = 338 K of PNN-0.35PT is higher than 
the room temperature, a non ergodic relaxor phase is expected at room temperature. 
This non-ergodic relaxor phase exhibits characteristic tetragonal splittings of cubic 
perovskite peaks in the room temperature powder diffraction data (see Fig. 5) similar 
to PMN-xPT for x ≥ 0.10. The observation of the second freezing temperature TVF2 = 
136K seems to suggest that the room temperature nonergodic relaxor phase re-enters 
into an ergodic relaxor phase on lowering the temperature below TVF1 giving rise to 
yet another non-ergodic relaxor phase at T < TVF2. 
In multiferroics like  Pb(Fe1/2Nb1/2)O3 (PFN) [21] and YMnO3 [22], anomalies 
in the dielectric constant have been reported at the antiferromagnetic transition 
temperature due to a coupling between the ferroelectric and antiferromagnetic order 
parameters. In order to explore if the low temperature anomaly in the dielectric 
constant around 160K in PNN-0.35PT is also linked with some magnetic transition, 
we carried out magnetization measurements as a function of temperature at a 
magnetic field of 100 Oe. The variation of magnetic susceptibility (χ), obtained from 
the measured magnetization, with temperature is shown in Fig. 3. There is no 
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evidence for any anomaly around 160K in the magnetic susceptibility vs. temperature 
plot. The χ vs. temperature  plot shows a sharp rise at low temperatures ( < 50K) 
similar to that reported in pure PNN [3].Magnetization measurements for PNN is  also 
included in Fig. 3 for comparison. It may therefore be concluded that the anomaly in 
the imaginary part of the dielectric constant is not linked with any magnetic transition. 
1/χ vs. temperature plots for PNN-0.35PT and PNN depicted in the inset to Fig.3 
show negative Curie-Weiss temperatures (To), indicative of antiferromagnetic 
correlations. The antiferromagnetic transition is known to occur below 5K in pure 
PNN [3] and the situation seems to be similar even in PNN-0.35PT. 
3.2 Evidence for a Low Temperature Structural Phase Transition: 
Recently, tetragonal compositions of PZT [23, 24], PMN-xPT [25] and PZN-
xPT [26] close to the MPB have been reported to transform to monoclinic phases 
below room temperature. Ragini et al [23] and Singh et al [19] have shown that these 
phase transitions between the tetragonal and monoclinic phases in PZT and PMN-xPT 
are accompanied with a imperceptibly weak anomaly in the dielectric constant of 
unpoled samples but a very pronounced anomaly in the elastic modulus. In order to 
explore the existence of such a tetragonal to monoclinic phase transition in PNN-
0.35PT below room temperature, we therefore carried out piezoelectric resonance and 
antiresonance frequency measurements in the planar coupling mode [6] as a function 
of temperature, which provide the elastic compliance ( ES11 ).The 
ES11 can be calculated 
from the measured resonance frequency (fr) and other material constants using the 
following relationship [6]. 
   
2
222
11
)1(1
η
ρσπ Er
E
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S
−
= ,                                                (3)              
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where ES11  is the elastic compliance at constant field, d is the diameter of the pellet, σ
E 
(= 0.31) is the Poisson’s ratio, η = 2.05 and ρ is the pellet density. Fig.4 depicts the 
variation of the inverse of the elastic compliance i.e. elastic modulus (E), with 
temperature.  The elastic modulus of normal solids, which expand on heating, should 
increase with decreasing temperature. However, in our case it first decreases with 
decreasing temperature, which is an anomalous behaviour, and may happen due to 
some lattice instability near a structural phase transition, as has been shown by Ragini 
et al [23] in PZT and Singh et al in PMN-xPT [19] ceramics. The elastic modulus 
after decreasing upto 225K, starts rising on lowering the temperature below 225K, as 
expected for a normal solid. This suggests that a low temperature structural phase 
transition occurs around 225K in PNN-0.35PT similar to the low temperature 
transitions reported recently in PZT [23, 24], PMN-xPT [25] and PZN-xPT [26]. 
While the real part of the dielectric constant ε/ (T) below room temperature varies 
continuously with decreasing temperature without showing any clear anomaly at ~ 
225K, when we plotted 1/ε/ (T)[d(ε/ (T))/dT] with temperature, it shows a dip around 
225K as shown in the inset to Fig.4. This further corroborates a phase transition 
occurring around 225K. 
Low temperature XRD studies confirm the existence of a structural phase 
transition below 225K.  Fig.5 depicts the evolution of the 200, 220 and 222 
pseudocubic reflections with temperature. The 200 and 220 pseudocubic reflections 
form a doublet, while 222 is a singlet for the tetragonal structure, whereas for the 
rhombohedral structure, 200 is a singlet, and the 220 and 222 reflections are doublets. 
The doublet nature of 200 and 220 peaks and the singlet character of the 222 peak in 
the XRD data at 300K confirms the tetragonal structure at room temperature. On 
lowering the temperature, the width of the 222 peak starts increasing below 225K, as 
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can be inferred from a comparison of the width of the 222 profiles at T ≥ 240K with 
those at T ≤ 210K (see Fig.5). This clearly shows that the 222 peak is no longer a 
singlet at T ≤ 210K, which in turn suggests the appearance of a non-tetragonal phase 
in the temperature range 210K ≤ T < 240K. The low temperature phase cannot be 
rhombohedral, since the 200 peak does not become a singlet at T ≤ 210K. Thus both 
the elastic modulus and XRD studies reveal a low temperature structural phase 
transition occurring around 225K in the tetragonal PNN-0.35PT composition. 
In order to determine the structure of the low temperature phase, we carried 
out Rietveld analysis of the powder x-ray diffraction data of PNN-0.35PT recorded at 
various temperatures in the range 300 to 15K using Fullprof package [27].  The 
Rietveld analysis confirms the tetragonal structure at room temperature as can be seen 
from the satisfactory fits between the observed and calculated profiles of 200, 220 and 
222 pseudocubic reflections, obtained after full pattern refinement, shown in Fig. 6(a). 
A similar refinement, using the 15K data, gives very poor fit showing the inadequacy 
of the tetragonal structure (P4mm space group) in explaining the observed diffraction 
data [see Fig. 6(b)]. The eighth order Landau theory for ferroelectric transitions in 
perovskites predicts three monoclinic phases of MA, MB, MC types with Cm, Cm and 
Pm space groups [28]. Vanderbilt and Cohen [28] distinguish between MA and MB 
types for the Cm space group on the basis of the values of polarization components, 
Px, Py and Pz, along the pseudocubic axes. Keeping in view the recent discovery of 
the monoclinic phases in PZT [29, 30], PMN-xPT [31] and PFN-xPT [32], we have 
considered the two monoclinic phases with Cm and Pm space groups in our 
refinements. However, the fit was not very satisfactory. As a next step, we  were led 
to consider the coexistence of tetragonal and monoclinic phases in our refinements. 
While the fit between the observed and calculated profiles becomes quite satisfactory 
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after considering the coexistence of the two phases [see Fig. 6(c) and (d)], it was 
rather difficult to distinguish between the Cm + tetragonal  and the Pm + tetragonal 
models purely on the basis of the visual observation of the fits or the various 
agreement factors.  We therefore adopted the DW statistics [33] and Prince’s criterion 
[32, 34] to make a choice between the two models. It was found that both the criterion 
favour the coexistence of the monoclinic phase in the Pm space group with the 
tetragonal phase. The overall fit between the observed and calculated profiles for the 
coexistence of the monoclinic phase in the  Pm space group and the tetragonal phase 
in the  P4mm space group is shown in Fig.7 for the 2θ range 20- 120 degrees. Table 1 
lists the refined structural parameters. The weight fractions of the monoclinic and 
tetragonal phases at 15K are 0.60 and 0.40. With increasing temperature, the 
tetragonal phase fraction increases but a small portion of the monoclinic phase 
survives upto room temperature. This wide coexistence of the two phases is a 
signature of the first order character of the phase transition occurring at 225K with 
strong metastability effects.  
3.3 Origin of the Low Temperature ε// (T) peak: 
Since the structural phase transition temperature  (225K) is significantly 
higher than the temperature (160K) at which the second anomaly in ε// (T) is observed, 
one may be tempted to rule out any linkage of the low temperature tetragonal to 
monoclinic phase transition with the appearance of the dielectric relaxation peak 
around 160K. The question now arises as to why the ergodic relaxor state stable 
above TVF1, after having transformed into a non-ergodic tetragonal phase below TVF1 ≈ 
338K,  reenters into an  ergodic relaxor ferroelectric phase after the tetragonal to 
monoclinic phase transition. One possible explanation for this could be the formation 
of miniaturized monoclinic domains within each tetragonal domain. Evidently, the 
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monoclinic domains will be much smaller than the individual tetragonal domains. We 
believe that these domains are of mesoscopic sizes and show dielectric relaxation 
below the tetragonal to monoclinic phase transition temperature due to thermal 
fluctuations, as in superparaelectrics. This relaxation of the mesoscopic domains give 
rise to the low temperature dielectric relaxation peak. This explanation in terms of the 
dynamics of the mesoscopic monoclinic domains can also explain as to why the 
diffraction profiles do not exhibit splittings characteristic of the monoclinic phase, 
both in the laboratory and synchrotron XRD data [35]. The Scherrer broadening due 
to small mesoscopic size monoclinic domains apparently masks the characteristic 
peak splittings.  
Evidence for domain fragmentation model is provided by the temperature 
dependent polarization hysteresis loop measurements. Hysteresis loops measured at a 
constant field of 12kV/cm at various temperatures is shown in Fig.8. At this constant 
electric field, saturated hysteresis loop was observed upto 225K only. Below this 
temperature, the hysteresis loop is not saturated and the loop start shrinking and 
finally become extremely slim at low temperatures (123K). However, on increasing 
the field to higher values, we could get saturated hysteresis loops below 225K also 
and even below 123K as shown in Fig. 9 for T = 123K at 22kV/cm. The variation of 
remanent polarization (Pr) and coercive field (Ec) with temperature, obtained from the 
hysteresis loop data at constant electric field and from the saturated hysteresis loop 
data obtained with higher fields, is shown in Fig.10. It is evident from this figure that 
the remanent polarization (Pr) obtained at constant field shows a maximum around 
225K and decreases for T < 225K. Remanent polarization (PrS) obtained from 
saturated hysteresis loops with increasingly higher fields, however, increases on 
decreasing the temperature, but with a distinct change of slope around 165K which is 
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close to //m2Τ  in Fig. 1(b). The coercive field (Ec) at constant electric field also starts 
collapsing below 165K. However, the coercive field (EcS), obtained with a higher 
electric field required for saturated loops at each temperature, increases with 
decreasing temperature with a change of slope around 160K. The collapse of Pr below 
225K correlates well with the appearance of the monoclinic phase and its mesoscopic 
domains. The constant electric field of 12kV/cm is apparently inadequate in aligning 
these mesoscopic domains against the thermal fluctuations, leading to the gradual 
collapse of the hysteresis loop. On application of higher fields, the mesoscopic 
domains could also get aligned with applied electric field giving rise to saturated 
hysteresis loops. Hysteresis loop measurements thus clearly suggest that the low 
temperature monoclinic phase is a non-ergodic relaxor ferroelectric phase but with 
mesoscopic domains. 
 Jin et al [36] have derived the following relationship between the cell 
parameters of the tetragonal and low temperature monoclinic Pm phases for such a 
miniaturized domain state. 
ct = cm - bm + am and  bm= at,                                                   (4)              
where ct  and at are the lattice parameters of the tetragonal phase and am, bm,  and cm of 
the monoclinic Pm phase. Figure 11 shows the temperature dependence of the lattice 
parameters for PNN-0.35PT obtained by Rietveld analysis of XRD data collected at 
various temperatures while heating from 15K to 300K. It can be seen from this figure 
that the calculated ct (using Eq.4) in the stability field of the monoclinic phase is 
continuous extension of the ct measured in the stability field of tetragonal phase. 
Similarly, the lattice parameter bm of the monoclinic phase is a continuous extension 
of at. This confirms that the Jin et al’s orientation relationship [35] is fully obeyed in 
PNN-0.35PT for the tetragonal to monoclinic phase transition and the monoclinic 
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domains may be visualized as miniaturization of the tetragonal domains. Both, the 
collapse of Pr below 225K and the obeyance of the Jin et al’s model by the cell 
parameters strongly support the appearance of mesoscopic domains below 225K 
which start freezing out around 160K giving rise to the peak in the real part of the 
dielectric constant around this temperature. 
4. Conclusions: 
 Dielectric measurements on PNN-0.35PT in the temperature range 90 to 470K 
reveal a relaxor ferroelectric transition around 350K with a Vogel-Fulcher freezing 
temperature TVF ≈ 338K. The room temperature non-ergodic relaxor ferroelectric 
phase shows characteristic tetragonal splitting of the peaks in the powder XRD data. 
On cooling, this non-ergodic relaxor phase reenters into another ergodic relaxor phase 
as evidenced by the appearance of a peak in ε// (T) around 160K with frequency 
dispersion characteristic of relaxors. Temperature dependent magnetization 
measurements reveal that this low temperature dielectric anomaly is not linked with 
any magnetic transition. Low temperature XRD and elastic modulus studies reveal a 
structural phase transition from room temperature tetragonal to a low temperature 
monoclinic phase in the Pm space group around 225K. The appearance of the 
monoclinic phase and its new domain structure follows Jin et al’s orientation 
relationship of conformally miniaturized domains of the parent tetragonal phase. As a 
result of the appearance of new mesoscopic domains, the constant field hysteresis 
loop starts collapsing below the tetragonal to monoclinic transition with a 
concomitant decrease in the remanent polarization. We believe that the frequency 
dependent dielectric relaxation peak around 160K is related with the freezing of the 
mesoscopic monoclinic domains, which behave as superparaelectric clusters. 
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TABLE I. Refined structural parameters of the tetragonal and monoclinic phases of 
PNN-0.35PT at 300 and 15K, respectively. At 15K, the weight fraction of the 
coexisting tetragonal phase is ~ 0.40. Anisotropic thermal parameters were found 
necessary for Pb2+.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Tetragonal (P4mm) at 300K 
a =  b = 3.99346(8) Å; c = 4.0094(1) Å 
Ions x y z B(Å2) 
 
Pb+2 
 
0.0000 
 
0.0000 
 
0.0000 
β11 = 0.0543(7) 
β22 = 0.0543(7) 
β33 = 0.049 (1) 
Ti+4/Ni+2/Nb+5 0.5000 0.5000 0.525(1) B = 0.81(5) 
O-2I 0.5000 0.5000 0.043(5) B = 0.9 (5) 
O-2II 0.5000) 0.0000 0.578(2) B = 0.1(2) 
Rp = 12.3; Rwp = 14.1; Rexp = 9.65; χ2 = 2.13 
Monoclinic (Pm) at 15K 
am = 3.9946(1) Å; bm = 3.9824(2) Å; cm = 4.0129(2) Å;  
β= 90.129(7) (degrees) 
Pb+2 0.0000 0.0000 0.0000 
β11 = 0.049(3) 
β22 = 0.066(5) 
β33 = 0.058(3) 
β13 = 0.001(5) 
Ti+4/Ni+2/Nb+5 0.469(2) 0.5000 0.538(2) B = 0.13(1) 
O-2I 0.43(1) 0.5000 0.04(1) B = 0.10(2) 
O-2II 0.53(1) 0.0000 0.53(2) B = 0.18(2) 
O-2III -0.02(1) 0.5000 0.57(1) B = 0.12(2) 
Rp = 10.2; Rwp = 12.9; Rexp = 9.17; χ2 = 1.99 
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Figure captions: 
Fig. 1. Variation of the real (ε/) and imaginary (ε//) parts of the dielectric constant at  
various frequencies:  [(1), 100Hz, (2) 300Hz, (3) 500Hz, (4)700Hz, (5) 1kHz, 
(6)3kHz, (7) 5kHz, (8) 7kHz and (9) 10kHz] in the temperature range (a) 90 K 
to 470K and (b) 90 K to 300K.  Inset (i) in Fig. 1(a) shows the zoomed portion 
of the real part of the dielectric constant near the peak. Inset (ii) in Fig. 1(a) 
and inset to Fig. 1(b) shows the results for heating and cooling cycles at 
10kHz. The arrow indicates the sense of shift of peak positions with increasing 
measuring frequency. 
Fig. 2. Vogel-Fulcher fit for relaxation time corresponding to (a) the high
 temperature dielectric anomaly and (b) the low temperature dielectric  
 anomaly. The nonlinear nature of the lnτ vs. 1/T plot in the inset clearly rule  
 out Arrhenius behaviour.  
Fig. 3   Variation of magnetic the susceptibility (χ) with temperature for PNN-0.35PT  
 and PNN. Inset shows the variation of 1/ χ with temperature, which gives
 negative Curie-Weiss temperatures for both PNN-0.35PT and PNN.   
Fig. 4  Variation of elastic modulus (E) with temperature for PNN-0.35PT ceramic.  
Inset shows the temperature dependence of 1/ε/(T)[d(ε/(T))/dT] with an 
anomaly around 225K. 
Fig. 5.  Evolution of the powder x-ray diffraction profiles of the 200, 220 and 222  
pseudocubic reflections with temperature for PNN-0.35PT after stripping 
CuKα2  contribution. 
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Fig. 6.  Observed (dots), calculated (continuous line), and difference (bottom line)  
powder diffraction profiles of the 200, 220 and 222 pseudocubic reflections  
obtained from full pattern  Rietveld analysis of  PNN-0.35PT in the 2θ range 
20 to 120 degrees using different structural models : (a) tetragonal P4mm at 
300K, (b) same at 15K, (c) monoclinic Cm and tetragonal coexistence, and (d) 
monoclinic Pm and tetragonal coexistence.  The tick marks above the 
difference plot show the positions of the Bragg peaks. In Fig. (c) and (d) upper 
and lower tick marks are for tetragonal and monoclinic phases respectively. 
Fig.7. The observed (dots), calculated (continuous line), and difference (bottom line)  
profiles obtained from the Rietveld refinement of PNN-0.35PT using 
coexistence of monoclinic phase in the Pm space group with the tetragonal 
phase at 15K. Inset shows the fit for higher 2θ range. The upper and lower 
vertical tick marks denotes the positions of the Bragg peaks for the tetragonal 
and monoclinic phases, respectively.  
Fig.8. Temperature dependence of the P-E hysteresis loop with temperature at  
constant electric field 12kV/cm. (Scaling y axis: 1 big div. = 9μC/cm2) 
Fig.9. Saturated P-E hysteresis loop at 123K at an electric field of 22kV/cm. 
Fig.10. The temperature variation of the remanent polarization and coercive field:   
The Pr and Ec correspond to constant field (12kV/cm) measurements whereas 
PrS and EcS are for higher fields required to get saturated hysteresis loops 
below 225K.  
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Fig.11. Variation of the lattice parameters at, ct and am, bm, cm, of the tetragonal and 
monoclinic phases with temperature for PNN-0.35PT obtained by Rietveld 
refinement. The lattice parameter values of ct shown with stars below 225K in the 
stability field of the monoclinic Pm phase correspond to those obtained using Jin et 
al’s model [36]. The vertical line marks the tetragonal to monoclinic phase transition 
temperature. 
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